In the present work, the crystallinity and dimension of crystal lattice of two series of ethylene-propylene copolymers with different propylene contents, which were prepared by a fluorinated bis(phenoxyimine) Ti catalyst (FI-EP copolymers) and a conventional Ziegler-Natta catalyst (ZN-EP copolymers), respectively, were studied. It is found that the overall propylene content and crystallization condition have more marked effects on the crystallinity of the FI-EP copolymers with a random comonomer distribution than that of the ZN-EP copolymers with a heterogeneous comonomer distribution. The dimension of a-axis of the PE crystals increases more rapidly with the overall propylene content in the FI-EP copolymers, indicating that more propylene units are included into the PE crystals, whereas the a-axis of the PE crystals remains unchanged for all the ZN-EP copolymers. Quenching of the samples leads to more propylene units getting included into the PE crystals. The effects of comonomer content and crystallization condition on crystallinity and dimension of crystal lattice of FI-EP and ZN-EP copolymers can be explained in terms of their different comonomer distributions.
Introduction
For ethylene--olefin copolymers, comonomer distribution has a great influence on their crystallization behavior and mechanical properties. For example, at similar comonomer content level, ethylene--olefin copolymers prepared by homogeneous metallocene catalysts, which have a random comonomer distribution usually exhibit lower melting temperature and better mechanical properties than the ones prepared by conventional Ziegler-Natta catalyst [1] [2] [3] [4] . Numerous literatures have been published to study the effect of comonomer distribution on the properties of ethylene--olefin copolymers [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, there are relatively few reports on the ethylenepropylene copolymer [14] [15] [16] [17] [18] [19] [20] . Compared with other ethylene--olefin copolymers, there is one particularity in the ethylene-propylene copolymers. The less bulky propylene comonomer units in ethylene-propylene copolymers can be included into the PE crystal lattice, leading to expansion of PE crystal lattice [21] [22] [23] [24] [25] [26] [27] [28] . In contrast, in the other ethylene--olefin copolymers the bulky comonomer units are generally believed to be excluded from the PE crystals. To our best knowledge, there is no report on the relationship between comonomer distribution and inclusion of comonomer units in ethylene-propylene copolymers. In the present work, the dimensions of crystal lattice of two series of ethylene-propylene copolymers with various propylene contents were compared. The ethylene-propylene copolymers were prepared by a fluorinated bis(phenoxyimine) Ti catalyst (FI-EP copolymers) [29] and a conventional Ziegler-Natta catalyst (ZN-EP copolymers), respectively. We found that the ZN-EP copolymers exhibited more melting peaks, which correspond to melting of crystals formed by ethylene sequences of different lengths, than the FI-EP copolymers after stepwise crystallization [30] . This shows that the ZNI-EP copolymers have a broader ethylene sequence length distribution, and accordingly a broader comonomer distribution than the FI-EP copolymers. Here we demonstrate that the inclusion of propylene units into the PE crystal lattice is strongly dependent on the comonomer distribution and crystallization condition.
Results and discussion

Crystallinity
The WAXD patterns of the FI-EP and ZN-EP copolymers are shown in Figs. 1 
where A c is the sum of the areas of the crystalline peaks and A a is the areas of the amorphous halo, which are obtained by fitting the WAXD profiles using multiple Lorentzian functions. Fig . 3 shows the crystallinity of the FI-EP and ZN-EP copolymers under different crystallization conditions. For both the FI-EP and ZN-EP copolymers, the crystallinity decreases as the propylene content increases. However, there are two differences between the FI-EP and ZN-EP copolymers. Firstly, the crystallinity changes with propylene content in different ways for the FI-EP and ZN-EP copolymers. At low propylene content level, the crystallinity of the FI-EP copolymers is evidently higher than that of the corresponding ZN-EP copolymers with similar propylene content, but at high propylene content level the crystallinity of the FI-EP copolymers is slightly lower than that of the corresponding ZN-EP copolymers. Such a difference is irrespective of the crystallization condition and was also reported for the stepwise crystallized FI-EP and ZN-EP copolymers previously [30] . This difference originates from the different comonomer distribution of the FI-EP and ZN-EP copolymers. There always exist segments of low local propylene content and segments of high local propylene content in all the ZN-EP copolymers with a heterogeneous comonomer distribution. At low overall propylene content, the presence of segments with high local propylene content will reduce the crystallinity of the ZN-EP copolymers, whereas at high overall propylene content the ZN-EP copolymers exhibit higher crystallinity due to the presence of segment with low local propylene content .
Secondly, the effects of crystallization condition on crystallinity of the FI-EP and ZN-EP copolymers are different. For the FI-EP copolymers, the crystallinity of the aircooled samples is higher than that of the quenched ones at low propylene content level, but lower than that of the quenched ones at high propylene content level. In contrast, the crystallinity of the air-cooled ZN-EP copolymers is slightly higher than that of the quenched ones at low propylene content level, whereas at high propylene content level there is not much difference in the crystallinity between the air-cooled and quenched ZN-EP copolymers. Such a finding is out of our expectation. The crystallinity of polymer is dependent on the cooling rate from melt when polymer is subject to non-isothermal crystallization. Generally a faster cooling rate leads to lower crystallinity due to formation of less perfect crystals, thus it is expected that the aircooled samples have higher crystallinity than the quenched ones. However, such an effect may be compensated or even overwhelmed due to the inclusion of the propylene comonomer units into the PE crystals, which leads to increase in crystalline fraction. As will be shown in the next section, more propylene units tend to be included into the PE crystals at a larger cooling rate for the FI-EP copolymers, especially at high propylene content level, implying that the crystalline fraction is higher for the quenched samples.
Dimension of crystal lattice
In the ethylene-propylene copolymers, the methyl branches are less bulky and can be incorporated into the PE crystals, leading to expansion of the PE crystal lattice. This phenomenon has been widely reported [21] [22] [23] [24] [25] [26] [27] [28] . Therefore, the degree of inclusion of propylene units into the PE crystal lattice can be reflected by the change in dimensions of the PE unit cell. The projection of orthorhombic PE unit cell along c-axis is schematically shown in Fig. 4 . Based on the geometry of the unit cell, the dimensions of the unit cell can be calculated according to following equations: EP copolymers the dimension of a-axis increases as propylene content increases. At low propylene content level the dimension of of a-axis for the air-cooled FI-EP copolymers is similar to that of the quenched ones, but at high propylene content level, the dimension of of a-axis for the quenched FI-EP copolymers is much larger than that for the air-cooled ones. In contrast, the dimension of the a-axis of the ZN-EP copolymers barely changes with propylene content, though the a-axis of the quenched ZN-EP copolymers is slightly larger than that of the air-cooled ones. As for the b-axis of the PE unit cell, it varies in a relatively narrow range when the propylene content and crystallization condition changes, for both the FI-EP and ZN-EP copolymers. The insensitivity of b-axis to propylene content and crystallization condition has been reported in literature [21] . The expansion of the a-axis is due to the inclusion of the methyl branches into the crystal lattice. The more methyl branches included, the larger the a-axis. As a result, one can see that more propylene units are included into the PE crystal in the FI-EP copolymers of high propylene content and under quenched crystallization condition. More inclusion of the the propylene units in the PE crystal can increase the fraction of crystalline polymer in the samples. This is the reason why quenched FI-EP4 and FI-EP5 samples exhibit higher crystallinity than the air-cooled FI-EP4 and FI-EP5.
The different extents of inclusion of propylene units and sensitivities of the inclusion to the crystallization condition for the FI-EP and ZN-EP copolymers can also be interpreted in terms of their comonomer distributions. In the ZN-EP copolymers the propylene units are mainly enchained in the non-crystalline segments of high local propylene content as the overall propylene content increases, which is reflected by insensitivity of the crystallization temperature to the overall propylene content [31] . As a result, the inclusion of propylene units into the PE crystals in the ZN-EP copolymers is barely influenced by the overall propylene content and crystallization condition. In contrast, the FI-EP copolymers have a random comonomer distribution and there exist a variety of segments with different local propylene content. Moreover, the local propylene content increases with the overall propylene content in the FI-EP copolymers. Therefore, the inclusion of the propylene units into the PE crystals is sensitive to the overall propylene content and also to the crystallization condition.
Conclusions
The results show that the crystallinity and dimension of the crystal lattice show different dependences on the overall propylene content for the FI-EP and ZN-EP copolymers. The crystallinity of the FI-EP copolymers decreases more rapidly with the overall propylene content than that of the ZN-EP copolymers. The a-axis of the PE crystal lattice is strongly dependent on the propylene content, while it is nearly constant for the ZN-EP copolymers. The crystallization condition exerts a more obvious effect on crystallinity and dimension of a-axis of the FI-EP copolymers than on those of the ZN-EP copolymers. These differences originate from the different comonomer distributions of the FI-EP and ZN-EP copolymers.
Experimental part
Samples
Ethylene-propylene copolymers with various propylene contents were prepared with a fluorinated bis(phenoxyimine) Ti (FI) catalyst and a Ziegler-Natta (ZN) catalyst, respectively. Details of copolymerization of ethylene and propylene are given elsewhere [29, 30] . The molecular weight, molecular weight distribution and propylene content are listed in Tab. 1.
Wide Angle X-ray Diffraction (WAXD)
WAXD was carried out by Rigaku D/max 2550 PC with a Ni filtered Cu Ka radiation ( =0.1546 nm) at room temperature. The scan rate was 4 (2 )/min at a step of 0.02 . The films for WAXD experiment were prepared on a thermal presser. The films were first heated to 200 C and held for 5 min, then two different crystallization conditions were applied to the films: (1) The thermal presser were switched off and the films were cooled in-air slowly; (2) The films were taken out from the thermal presser and immediately quenched with ice-water. 
